Mov10 and APOBEC3G (A3G) localize to cytoplasmic granules called processing bodies (P bodies), incorporate into human immunodeficiency virus type 1 (HIV-1) virions, and inhibit viral replication. The functional relevance of Mov10/A3G P-body localization to virion incorporation and antiviral activity has not been fully explored. We found that a helicase V mutant of Mov10 exhibits significantly reduced localization to P bodies but still efficiently inhibits viral infectivity via virion incorporation. Disruption of the P bodies by DDX6 knockdown also confirmed Mov10 antiviral activity without P-body localization. In addition, overexpression of SRP19, which binds to 7SL RNA, depleted A3G from P bodies but did not affect its virion incorporation. Sucrose gradient sedimentation assays revealed that the majority of Mov10, A3G, HIV-1 RNA, and Gag formed high-molecularmass (HMM) complexes that are converted to low-molecular-mass (LMM) complexes after RNase A treatment. In contrast, the P-body markers DCP2, LSM1, eIF4e, DDX6, and AGO1 were in LMM complexes, whereas AGO2, an effector protein of the RNAinduced silencing complex that localizes to P bodies, was present in both LMM and HMM complexes. Depletion of AGO2 indicated that RNA-induced silencing function is required for Mov10's ability to reduce Gag expression upon overexpression, but not its virion incorporation or effect on virus infectivity. We conclude that the majority of Mov10 and A3G are in HMM complexes, whereas most of the P-body markers are in LMM complexes, and that virion incorporation and the antiviral activities of Mov10 and A3G do not require their localization to P bodies.
H
uman immunodeficiency virus type 1 (HIV-1) requires multiple host proteins for efficient replication and pathogenesis (1) (2) (3) (4) (5) . Several studies have identified hundreds of host proteins with diverse cellular functions that potentially facilitate or regulate HIV-1 replication (1) (2) (3) (4) . Recently, several host proteins were identified as restriction factors, including TRIM5␣, tetherin/BST-2/CD317, SAMHD1, and the APOBEC3 family of proteins (6) (7) (8) (9) (10) (11) (12) (13) . Of the APOBEC proteins, APOBEC3G (A3G), APOBEC3F (A3F), APOBEC3DE (A3DE), and some APOBEC3H haplotypes, especially haplotype II (A3H HapII), have been reported to possess anti-HIV activity (6) (7) (8) (9) (10) (11) (12) (13) . A3F, A3G, A3DE, and A3H HapII are targeted for proteasomal degradation by interaction with the viral infectivity factor (Vif) protein (7, (13) (14) (15) (16) (17) (18) (19) (20) . In the absence of Vif, the antiviral APOBEC3 proteins expressed in the virus producer cells are incorporated into assembling virions and, after infection of the target cell, mediate deamination of cytidine residues to uridines in nascent minus-strand reverse transcripts. The deamination of cytidines in the minus-strand DNA results in massive G-to-A hypermutation of the plus-strand DNA, causing lethal mutagenesis and inactivation of the virus. A3G and A3F have also been shown to inhibit viral DNA synthesis and integration (21) (22) (23) (24) (25) (26) .
P bodies are cytoplasmic foci that contain proteins associated with mRNA storage, reversible mRNA repression, and mRNA decay and are thought to accumulate translationally silent mRNAs (27) (28) (29) . It has been observed that HIV-1 RNA, A3G, and A3F are localized to P bodies (30) (31) (32) . However, the relationship between HIV-1 replication, A3G/A3F antiviral activities, and P-body localization is not clear. The colocalization of A3G and A3F to P bodies, and some reports of HIV-1 RNA colocalization to P bodies (30) (31) (32) , suggests that virion incorporation of A3G and A3F involves their interaction with HIV-1 mRNA in P bodies.
MicroRNAs (miRNAs), noncoding RNAs under 22 nucleotides, are also reported to localize to P bodies and assemble into RNA-induced silencing complexes (RISCs) (30, 31) . Of these, miRNA-29a represses HIV-1 replication by facilitating the interaction of HIV-1 RNA with the RISC-associated proteins DDX6 and Argonaute 2 (AGO2) (30) , indicating that P-body localization is detrimental to HIV-1 replication. Similarly, suppression of various P-body marker proteins by knockdown in virus producer cells, including DDX6, LSM-1, GW182, XRN1, DGCR8, Dicer, and Drosha, has been reported to increase HIV-1 production (30) (31) (32) (33) (34) .
Localization of A3G/A3F to P bodies prompted us and others to examine whether other P-body-associated proteins are incorporated into virions and exhibit antiviral activity (32, 35, 36) . Subsequently, we and others reported that overexpression of the P-body-associated protein Mov10 can inhibit replication of HIV-1 and several other retroviruses, including simian immunodeficiency virus (SIV), murine leukemia virus (MLV), and equine infectious anemia virus (EIAV) (35) (36) (37) . Mov10 also inhibits the replication of both long terminal repeat (LTR) and non-LTR endogenous retroelements, specifically intracisternal A particles and Alu elements (38) (39) (40) . Wang et al. demonstrated that other Pbody-associated proteins, Drosha, Dicer, AGO1, TRBP, PACT, and eIF6, do not have antiviral activity when overexpressed, while we reported that overexpressed DCP1a and DCP2 are not incorporated into virions and do not inhibit HIV-1 infection (35, 36) . Recently, it was reported that AGO2, one of four Argonaute proteins that localizes to P bodies and is a key effector of RISC to control mRNA translation and protein production, incorporates into virions and facilitates viral replication by binding to HIV-1 Gag and unspliced RNA (41) . These reports suggested that some specific P-body marker proteins influence HIV-1 infection. Mov10 is a putative RNA helicase and belongs to the DEXD superfamily in the Upf1-like group of helicases (42, 43) . Mov10 can inhibit viral replication at multiple stages; it inhibits viral infection by virion incorporation and inhibition of reverse transcription (35) (36) (37) 44) ; in addition, it decreases viral production by reducing Gag expression (35) . However, the detailed mechanisms by which Mov10 inhibits Gag expression, incorporates into virions, and inhibits viral replication remain unclear.
In order to elucidate the role of P-body-associated proteins in HIV-1 replication, we focused on Mov10, A3G, A3F, and AGO2 incorporation into HIV-1 virions. We confirmed that Mov10, A3G, and A3F, but not DCP1a, DCP2, and DDX6, are efficiently packaged into virions; however, contrary to a previous report (41) , we observed that AGO2 is packaged very inefficiently into HIV-1 particles. In addition, we demonstrated that recruitment of Mov10 and A3G into virions is independent of their P-body localization. Mov10, A3G, and HIV-1 RNAs were present in highmolecular-mass (HMM) complexes in the cytoplasm. However, several other P-body-associated proteins were present only in low-molecular-mass (LMM) complexes, indicating that only a small proportion of these proteins are microscopically colocalized with P-body marker proteins.
MATERIALS AND METHODS
Plasmid construction. The HIV-1-based vector pHDV-EGFP was previously described and kindly provided by Derya Unutmaz (45) . pHCMV-G expresses the vesicular stomatitis virus envelope glycoprotein G (VSV-G) from a human cytomegalovirus promoter (46) . pF-Mov10 expresses Nterminally FLAG epitope (DYKDDDDK)-tagged human Mov10 (35) ; this plasmid is referred to as FLAG-Mov10 below. The N-terminal Venus yellow fluorescent protein (eYFP)-tagged P-body marker expression plasmids eYFP-Mov10, eYFP-DCP1a, eYFP-DCP2, and eYFP-DDX6 were constructed by modification of pYFP-A3G, which was described previously (35, 47) . The C-terminally eYFP-tagged P-body marker expression plasmids pA3F-eYFP and pAGO2-eYFP were constructed by modification of pA3G-eYFP, which was described previously (47) .
Expression vectors for Mov10 mutants (G527A, S556A, PSNSϾ4A, DQAG, G681A/D682A, R730A/N731A, V866A, and T911A/R912A) were generated by using a QuikChange XL site-directed mutagenesis kit (Stratagene) to introduce mutations in FLAG-Mov10 and peYFP-Mov10. The N-terminal monomeric red fluorescent protein (mRFP)-tagged DCP2 and DDX6 expression plasmids were constructed by modifying mRFP-A3G, as previously described (35) . For visualization of virus particles, the previously described pGagCeFP-BglSL, pGag-BglSL, and pBgl-mCherry were used (48) . Briefly, pGagCeFP-BglSL is an HIV-1-based construct that expresses the fusion protein Gag-cerulean fluorescent protein (CeFP) and an RNA that contains sequences recognized by the Escherichia coli BglG protein; pGag-BglSL is similar to pGagCeFP-BglSL, except that it expresses Gag. Plasmid pBgl-mCherry expresses a Bgl-mCherry fusion protein (48) .
Cell culture. Human 293T, HeLa, and TZM-bl cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and penicillin-streptomycin (50 U and 50 g per ml, respectively). The TZM-bl indicator cell line carries a firefly luciferase reporter gene under the control of the Tat-responsive HIV-1 promoter (49) .
Microscopy. HeLa cells (2.5 ϫ 10 5 cells per 35-mm glass bottom dish [MatTek]) were cotransfected with the indicated fluorescent fusion plasmids using the FuGeneHD transfection reagent (Roche). Live-cell imaging was performed at 37°C and 5% CO 2 at 16 h posttransfection using laser scanning confocal microscopy (Olympus FluoView FV1000 or Carl Zeiss LSM719). For immunostaining assays, HeLa cells (2.0 ϫ 10 5 cells per 35-mm glass bottom dish [MatTek] ) were washed twice with phosphatebuffered saline (PBS) and fixed with 4.0% paraformaldehyde for 15 min. The cells were washed again three times with PBS, permeabilized with 0.25% Triton X-100 for 10 min at room temperature, and blocked for 45 min with PBS containing 0.25% Triton X-100 (PBST) and 3% bovine serum albumin (PBST-BSA). For P-body detection, the cells were first incubated with either an anti-DDX6 (rabbit polyclonal; Bethyl; 1/400) for 1 h. The cells were washed six times with PBST-BSA and incubated with Alexa Fluor 594 anti-rabbit IgG (Molecular Probes; 1/1,000) for 1 h. The cells were washed with PBS, and one drop of Prolong Gold Mounting Medium was added (Invitrogen). Images were acquired using laser scanning confocal microscopy (Carl Zeiss LSM719) and processed using ImageJ software.
Transfection and virus production. Transfections were carried out with the polyethylenimine (PEI) transfection reagent (Sigma), as previously described (50, 51) . Human 293T cells (8 ϫ 10 5 cells per well in six-well plates) were cotransfected with pHDV-EGFP, pHCMV-G, and FLAG-Mov10 or its mutants. When necessary, the viruses were concentrated up to 100-fold by ultracentrifugation at 100,000 ϫ g for 90 min at 4°C.
Single-virion analysis using fluorescence microscopy. Single-virion analysis was performed as described previously (48) and used to directly visualize virion incorporation of eYFP-tagged P-body proteins (35) . Briefly, 293T cells (4 ϫ 10 6 cells per 10-cm dish) were cotransfected with pGagCeFP-BglSL (5 g), pGag-BglSL (5 g), pBgl-mCherry (5 g), and the P-body-associated protein expression plasmid pYFP-DCP1a (5 g), pYFP-DCP2 (5 g), pYFP-Mov10 (1 g), pA3G-YFP (1 g), pA3F-YFP (1 g), pAGO2-YFP (10 g), or pYFP-DDX6 (1 g) using PEI transfection reagent (Sigma). The virus-containing supernatant was harvested at 16 h posttransfection and concentrated up to 20-fold by ultracentrifugation through a 20% sucrose cushion at 25,000 rpm for 90 min at 4°C. The concentrated virus supernatant (0.4 l) was briefly mixed with 200 l PBS and then centrifuged onto ibiTreated -slides (Ibidi) at 1,200 ϫ g for 1 h. Images of virus-like particles (VLPs) were acquired using epifluorescence microscopy (Nikon). CeFP was used for identification of particles containing CeFP-Gag, mCherry was used to detect HIV-1 RNA, and eYFP was used for detection of P-body proteins. The number, positions, and intensities of the spots were measured for each channel using Localize (52) . The positions of the spots were also used to determine colocalization; spots were considered colocalized if the centers of the spots were within 3 pixels of each other. Merged and pseudocolored images were generated using NIS Elements (Nikon). P-body protein incorporation efficiency was calculated by determining the percentage of CeFP ϩ and mCherry ϩ particles that contained the eYFP signal by using an in-house MATLAB program (MathWorks). The cells were also collected at 18 h posttransfection and analyzed by immunoblotting.
Virus infectivity. The virus-containing supernatant was collected 48 h posttransfection and filtered through a 0.45-m filter, and the amount of p24 capsid (CA) was determined by enzyme-linked immunosorbent assay (ELISA) (XpressBio). Infection of TZM-bl cells (4 ϫ 10 3 cells per well in 96-well plates) with virus preparations was performed at multiple dilutions, and luciferase enzyme activity determinations were carried out at 72 h postinfection, as previously described (53) . The luciferase activity was normalized by the p24 CA amounts to determine virus titers.
Immunoblotting. Virus samples and cell lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analysis. Total cell protein concentrations were determined using a Bradford assay (Bio-Rad). The FLAG-tagged proteins were detected using a rabbit anti-FLAG polyclonal antibody (Sigma). p24 CA was detected using a mouse anti-HIV-1 p24 Gag monoclonal antibody (kindly provided by Michael H. Malim, AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH). The Myc-tagged proteins were detected using a mouse anti-c-Myc antibody (Sigma). To verify equivalent input of cell lysates, ␣-tubulin was also detected using mouse anti-␣-tubulin antibody (Sigma). Endogenous Mov10 was detected using a rabbit anti-Mov10 antibody (Novus Biologicals). DCP2, LSM1, eIF4e, DDX6, AGO1, AGO2, and S6 were detected using a goat anti-DCP2 antibody (Santa Cruz), a rabbit anti-LSM1 antibody (Santa Cruz), a mouse anti-eIF4e antibody (Santa Cruz), a rabbit anti-DDX6 antibody (Bethyl), a mouse anti-AGO1 antibody (Sigma), a mouse anti-AGO2 antibody (Wako), and a mouse anti-S6 antibody (Cell signaling), respectively. The primary antibodies were detected using an IRDye 800CW-labeled goat anti-rabbit or IRDye 680-labeled goat anti-mouse secondary antibody (Li-Cor). The signal intensities of the protein bands were calculated using the Odyssey system (Li-Cor).
siRNA-mediated knockdown of DDX6 or AGO2. For small interfering RNA (siRNA)-mediated knockdown of DDX6 and AGO2, 293T cells (4 ϫ 10 6 cells per well in 10-cm plates) were transfected with Silencer select DDX6 siRNA (Ambion; S4012) at 25 nM or AGO2 siRNA (Ambion; S25932) at 50 nM using Lipofectamine RNAiMax reagent (Invitrogen). After 24 h, the cells were retransfected with expression plasmids and the siRNAs (25 nM DDX6 or 50 nM AGO2) for single-virion analyses or single-round infection assays by Lipofectamine 2000 reagent (Invitrogen) in order to produce virus and maintain DDX6 or AGO2 knockdown.
Quantitative real-time RT-PCR analysis. Total RNA was extracted from cells using the RNeasy Minikit (Qiagen), and virus RNA was extracted using the QIAamp Viral RNA Mini Kit (Qiagen) and treated with DNase (Turbo DNA-free kit; Ambion). HIV-1 gag RNA was detected on the Roche LightCycler 480 using the LightCycler 480 RNA master hydrolysis probes reaction mixture (Roche), with forward and reverse primers as previously described (54) . Cellular ␤-actin RNA was detected by using TaqMan Gene Expression Assays (ABI). Briefly, the copy numbers in each sample were adjusted for RNA input by quantification of cellular ␤-actin RNA copy numbers. 7SL RNA was detected in virions by using forward (GGGCTGTAGTGCGCTATGC) and reverse (CCCGGGAGGTCACCA TATT) primers with the specific probe 6-carboxyfluorescein [FAM]-CG GGTGTCCGCACTAAGTTCGGC-6-carboxytetramethylrhodamine [T AMRA], as described previously (55) . The copy numbers of incorporated 7SL RNA were adjusted for virus input by quantification of viral gag RNA copy numbers.
Sucrose gradients. Five layers of 5 to 65% sucrose were prepared in sucrose buffer (20 mM Tris-HCl, pH 7.4, 80 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol [DTT]) (31) and diffused overnight at 4°C to obtain a linear sucrose gradient. The cytoplasmic extract (2 mg protein), which was made with lysis buffer (50 mM Tris-HCl [pH 7.4] with 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) containing protease inhibitor cocktail (Roche), was loaded on the top of the gradient and centrifuged for 3 h at 36,000 rpm in a SW41Ti rotor. After ultracentrifugation, 20 fractions were collected from the top of the gradient and subjected to immunoblotting and quantitative real-time reverse transcription (RT)-PCR analysis.
RESULTS

Mov10
, A3G, A3F, and AGO2 colocalize with P-body marker proteins. Mov10, A3G, A3F, and AGO2 have been reported to localize to P bodies and incorporate into HIV-1 virions (32, 35, 41) . To confirm the intracellular localization of these proteins to P bodies, we constructed plasmids that expressed each of the proteins with N-terminal or C-terminal fusions to eYFP. We also constructed a plasmid that expressed the P-body marker protein DDX6, which was fused at its N terminus with mRFP (mRFP-DDX6). HeLa cells were cotransfected with mRFP-DDX6 and eYFP-Mov10, A3G-eYFP, A3F-eYFP, or AGO2-eYFP. Confocal microscopy of the transfected live cells at 16 h posttransfection confirmed previous reports indicating that eYFP-Mov10, A3G-eYFP, A3F-eYFP, and AGO2-eYFP colocalized with mRFP-DDX6 in cytoplasmic P bodies (32, 33, 56) (Fig. 1A) .
We next determined the incorporation efficiency of Mov10, A3G, A3F, and AGO2 by using single-virion analysis (35, 48) . Viruses were produced from 293T cells that expressed HIV-1 RNAs containing Bgl stem-loops, HIV-1 Gag and Gag-CeFP fusion protein, and Bgl-mCherry, an RNA-binding protein that specifically binds to the Bgl stem-loops, as previously reported (48) . The virus particles (VLPs) produced in the presence of expression plasmids for eYFP-tagged P-body markers were analyzed (Fig.  1B) . In addition, each of the eYFP-fused P-body marker proteins in the virus producer cells was detected by immunoblotting (Fig.  1C) . Although all of the eYFP-fused P-body marker proteins were expressed in the transfected cells, their expression levels varied; eYFP-DCP1a was expressed 33-fold more than A3G-eYFP, and AGO2-eYFP was expressed 42-fold more than eYFP-Mov10. A high proportion of VLPs produced in the presence of eYFPMov10, A3G-eYFP, and A3F-eYFP contained the eYFP signal, along with the CeFP and mCherry signals; however, very few VLPs produced in the presence of eYFP-DCP1a, eYFP-DCP2, eYFP-DDX6, and AGO2-eYFP contained the eYFP signal (Fig. 1B) . We determined the efficiency with which the P-body proteins were incorporated into VLPs by quantifying the VLPs, defined as the particles that contained all three signals (Fig. 1D, top) . The efficiency of eYFP-Mov10, A3G-eYFP, and A3F-eYFP virion incorporation ranged from 71 to 90%, indicating that these proteins were incorporated efficiently. In contrast, the virion incorporation efficiencies of eYFP-DCP1a, eYFP-DCP2, eYFP-DDX6, and AGO2-eYFP were very low, ranging from Ͻ1% to 16%. Quantitation of the eYFP intensity of particles that contain both CeFP (HIV-1 Gag) and mCherry (HIV-1 RNA) signals was used to estimate the efficiency of incorporation of P-body marker proteins. Incorporated Mov10, A3G, and A3F resulted in nearly three times higher eYFP intensities than incorporated DCP1a, DCP2, AGO2, and DDX6 (Fig. 1D, bottom) , indicating that, in addition to incorporating into a greater proportion of virions, more molecules of Mov10, A3G, and A3F than of the other P-body proteins were incorporated into each viral particle. These results also indicate that, in contrast to a previous report (41), AGO2-eYFP was not efficiently incorporated into virions. AGO2-eYFP was packaged into virions 6.8-fold less efficiently than eYFP-Mov10, even though its cellular expression was 42-fold more than that of eYFPMov10, suggesting approximately 285-fold less efficient virion incorporation (Fig. 1C) . However, the possibility that this low level of AGO2 packaged into virions is biologically significant cannot be excluded. Effects of Mov10 and its helicase domain mutants on HIV-1 Gag expression, virus production, and infectivity. Mov10 is a putative RNA helicase and has seven helicase domains. To determine whether the putative RNA helicase activity of Mov10 is important for its antiviral function, we introduced alanine substitution mutations into all 7 helicase domains ( Fig. 2A) . Positions that were conserved in an alignment of related UPF1-like helicases were selected for mutagenesis (43) . Wild-type FLAG-Mov10 or its mutants were cotransfected into 293T cells with hepatitis D virusenhanced green fluorescent protein (HDV-EGFP), an HIV-1-based vector. Forty-eight hours after transfection, the cells were lysed and the cellular proteins were analyzed by immunoblotting to detect Mov10, p55 Gag, and ␣-tubulin, which served as a loading control ( Fig. 2B and C) . Wild-type Mov10 overexpression decreased p55 Gag expression in virus producer cells, as previously observed (35) (Fig. 2B and C) . The reduction in p55 Gag in the presence of exogenous Mov10 was approximately 3.2-fold (31% of the mock transfection control). The decrease in virus production generally correlated with a decrease in p55 Gag expression, suggesting that the decrease in virus production was due to a decrease in the cellular levels of p55 Gag and not due to a defect in virus release (data not shown). Mov10 overexpression also decreased virus infectivity, confirming our previous results ( Fig. 2D) (35) . The decrease in virus infectivity in the presence of exogenous wild-type Mov10, after normalization for p24 CA levels, was approximately 25-fold (4% of the mock transfection control) (Fig. 2D) . Thus, the combined inhibition of Gag expression Total cell lysates were analyzed using an anti-GFP antibody, and the intensities of bands of the expected size were quantified using the Odyssey system. The amount of protein loaded was normalized using the ␣-tubulin amounts. (D) Virion incorporation of eYFP-tagged P-body proteins. Packaging efficiency was calculated by determining the percentage of CeFP ϩ (Gag) plus mCherry ϩ (HIV-1 RNA) particles that contained the eYFP signal (eYFP-tagged P-body proteins) (top). The average integral intensity per virus particle (CFP ϩ and mCherry ϩ ) was calculated for eYFP (bottom). The number of eYFP ϩ virus particles and the total particle numbers counted are shown above each sample. The error bars represent the standard deviations for two independent experiments. The asterisks indicate statistically significant decreases compared to A3G-eYFP (white bars; *, P Ͻ 0.05; t test).
(3.2-fold) and virus infectivity (25-fold) was approximately 80-fold, confirming that Mov10 is a potent inhibitor of HIV-1 replication.
Overexpression of the helicase domain G527A, S556A, DQAG, V866A, and T911A/R912A mutants reduced the p55 Gag expression in virus producer cells, whereas overexpression of the G681A/ D682A and R730A/N731A mutants did not ( Fig. 2B and C) . A comparison of the infectivity of viruses after normalization for p24 CA levels indicated that the S556A, DQAG, and V866A mutants inhibited virus infectivity almost as well as wild-type Mov10, (E) Immunoblotting analysis of virus lysates using anti-FLAG and anti-p24 CA antibodies. Two and 3 g of FLAG-G527A and S556A mutant plasmids was transfected to generate samples shown in lanes 4 and 5, and 7 and 8, respectively. The packaging efficiency of each Mov10 mutant sample relative to wild-type Mov10 (set to 100%) is shown. (F) Packaging efficiencies of eYFP-tagged Mov10 and its mutants as determined by single-virion analysis. For panels B, E, and F, 1 g of each Mov10 expression plasmid was used for transfection, except where indicated in panel E. The packaging efficiency was calculated by determining the percentage of CeFP ϩ (Gag) plus mCherry ϩ (HIV-1 RNA) particles that contained the eYFP signal (eYFP-tagged P-body proteins) (top). The average integral intensity per virus particle (CeFP ϩ and mCherry ϩ ) was calculated for eYFP (bottom). The number of eYFP ϩ virus particles and the total particle numbers counted are shown above each sample. For panels C and D, the error bars represent the standard error of the mean (SEM) from three independent experiments. For F, the error bars represent the standard deviation for two independent experiments. The asterisks indicate statistically significant decreases from the control (white bars) (*, P Ͻ 0.05; t test).
the G527A mutant inhibited virus infectivity less efficiently than wild-type Mov10, and the G681A/D682A, R730A/N731A, and T911A/R912A mutants did not inhibit virus infectivity (Fig. 2D) . Analysis of another mutant in helicase domain Ia, PSNSϾ4A, indicated that these four substitution mutations had no effect on Mov10's antiviral activity (data not shown). We also compared the effects of FLAG-Mov10 and eYFP-Mov10 overexpression on virus infectivity using the same amounts of plasmid DNA. The results showed that eYFP-Mov10 overexpression inhibited virus infectivity to 5.4% of the control (data not shown), which was very similar to the inhibition observed for the FLAG-Mov10 plasmid (4% of control) (Fig. 2D) , indicating that the N-terminal eYFP fusion did not affect Mov10's ability to inhibit virus infectivity.
We next addressed the incorporation efficiency of the Mov10 mutants by immunoblotting and single-virion analysis (Fig. 2E  and F) . Immunoblotting of virus lysates after normalization for p24 CA indicated that the S556A, DQAG, and V866A mutants were incorporated efficiently (50 to 100%), but the G681A/ D682A, R730A/R731A, and T911A/R912A mutants were not (Ͻ1 to 16%). The G527A mutant was incorporated less efficiently than wild-type Mov10, but this defect could be overcome by increasing the amount of mutant expression plasmid during transfection. These results were in agreement with the incorporation efficiencies determined by single-virion analysis (Fig. 2F, top) . Similar to wild-type Mov10, a high proportion of virions contained eYFPtagged S556A, DQAG, and V866A mutants and a lower proportion of virions contained G527A, while very few virions contained G681A/D682A, R730A/N731A, and T911A/R912A mutants. The eYFP intensity of particles containing the G527A mutant was significantly lower than that of wild-type Mov10 (Fig. 2F, bottom) ; thus, even though 40% of the virions contained the G527A mutant, the amount of mutant incorporated per virion was 3-fold lower than wild-type Mov10, which is consistent with the 15% virion incorporation efficiency observed by immunoblotting. Overall, the results indicated that the mutants that had lower efficiencies of virion incorporation were also defective in their ability to inhibit virus infectivity (compare Fig. 2D and F) . In addition, these data suggested that the ability of Mov10 or its mutants to reduce p55 Gag expression is independent of their ability to incorporate into virions and inhibit infectivity.
P-body localization of eYFP-Mov10 and its mutants. To address the relationship between Mov10 localization to P bodies and its incorporation into virions, HeLa cells were cotransfected with plasmids that expressed the P-body marker protein mRFP-DCP2 and eYFP-Mov10 or its mutants. eYFP-Mov10 and most of its mutants were clearly colocalized with mRFP-DCP2; however, R730A/N731A was not colocalized with mRFP-DCP2, and colocalization of V866A with mRFP-DCP2 was substantially reduced (Fig. 3A) . Quantification of the P-body localization efficiency of eYFP-Mov10 and its mutants (the proportion of mRFP-DCP2 spots that also contained eYFP signal) showed that less than 1% of the mRFP-DCP2 signals were colocalized with eYFP-R730A/ N731A and approximately 20% of the mRFP-DCP2 signals were colocalized with eYFP-V866A (Fig. 3B) . Even though the localization of the V886A mutant to P bodies was reduced by more than 4-fold, it maintained the ability to reduce cellular p55 Gag expression, incorporate into virions, and inhibit virus infection (Fig. 2) , indicating that the antiviral activity of Mov10 is not dependent on its localization to P bodies. Furthermore, overexpression of eYFPMov10 mutants did not affect P-body formation, since the total numbers of mRFP-DCP2-positive cytoplasmic granules per cell remained similar to that for wild-type eYFP-Mov10 (4 Ϯ 1) (Fig.  3B) . The R730A/R731A mutant was not localized to P bodies, did not reduce Gag expression (Fig. 2C) , and did not inhibit viral replication (Fig. 2D) ; these results suggest that the mutant is expressed as a misfolded, nonfunctional protein.
Role of P bodies in virion incorporation and antiviral activity of Mov10. We further investigated the role of P bodies in Mov10 virion incorporation and antiviral activity by siRNA knockdown of DDX6, which has been shown to deplete microscopically visible P bodies (57) (58) (59) . Transfection of HeLa cells with the DDX6 siRNA, but not control siRNA, resulted in substantial reduction in the number of P bodies, as determined by the detection of cytoplasmic granules containing eYFP-Mov10 or eYFP-V866A (Fig.  4A, I ). We determined the number of P bodies containing eYFPMov10 or eYFP-V866A after control siRNA treatment or after DDX6 knockdown (Fig. 4A, II) . As expected from the results in Fig. 3 , after treatment with control siRNA, the number of P bodies containing eYFP-V886A was about 20% of those containing wildtype eYFP-Mov10. After DDX6 knockdown, the P bodies containing wild-type eYFP-Mov10 were reduced to 20% compared to treatment with control siRNA, whereas the P bodies containing eYFP-V866A were reduced to 1.4% of the eYFP-Mov10 after control siRNA treatment. We determined that knockdown with DDX6 siRNA was efficient and reduced steady-state levels of DDX6 in cells to ϳ9% of the level observed after control siRNA treatment (Fig. 4B) .
We determined the efficiency of virion incorporation of eYFPMov10 and eYFP-V866A after control siRNA treatment and after DDX6 knockdown (Fig. 4C) . The results showed that even though the localization of the eYFP-V866A mutant to P bodies was reduced to 1.4% of the control after DDX6 knockdown, its virion incorporation was not significantly different from that observed after control siRNA treatment. This result further confirmed that P-body localization of Mov10 is not required for its efficient virion incorporation. We observed that DDX6 knockdown had a slight detrimental effect on virus infectivity compared to control siRNA treatment in the absence of Mov10, as well as in the presence of wild-type eYFP-Mov10 or eYFP-V866A (Fig. 4D) . These results suggest either that DDX6 knockdown itself has a slight inhibitory effect on virus infectivity or that DDX6 knockdown slightly increases the antiviral activity of eYFP-Mov10 or eYFP-V866A. Regardless, the results clearly indicate that localization to P bodies is not required for virion incorporation or antiviral activity of wildtype or V866A mutant Mov10.
A3G virion incorporation and localization to P bodies. We sought to extend our Mov10 studies to A3G and to determine whether P-body localization of A3G is required for its virion incorporation and antiviral activity. A3G incorporation into HIV-1 virions was reported to require the host signal recognition particle (SRP) 7SL RNA (60), although this observation has been controversial (61) . We hypothesized that association of A3G with 7SL RNA might influence its P-body localization and virion incorporation. To address these questions, we overexpressed SRP19, which binds to 7SL RNA and was reported to deplete 7SL RNA incorporation into virions (60); SRP19⌬6 is a mutant of SRP19 that is defective in its interaction with 7SL RNA and does not prevent 7SL RNA incorporation into virions. We confirmed that overexpression of SRP19, but not SRP19⌬6, in virion-producing 293T cells depleted 7SL RNA incorporation into virions (Fig. 5A) .
Next, we determined whether SRP19 and SRP19⌬6 overexpression affected the localization of A3G-eYFP, A3F-eYFP, and eYFPMov10 to P bodies; mRFP-DDX6 was coexpressed and used as a P-body marker (Fig. 5B) . The proportion of P bodies that contain A3G-eYFP decreased nearly 3-fold when SRP19 was overexpressed (ϳ12%) compared to when SRP19⌬6 was overexpressed (ϳ41%) (Fig. 5B and C) . Overexpression of SRP19 had no effect on P-body localization of A3F-eYFP or eYFP-Mov10 compared to overexpression of SRP19⌬6 (Fig. 5B and C) . These results indicated that depletion of 7SL RNA by overexpression of SRP19 reduced P-body localization of A3G, but not that of A3F or Mov10.
We also determined the influence of SRP19 and SRP19⌬6 overexpression on virion incorporation of A3F-eYFP, A3G-eYFP, and eYFP-Mov10 by single-virion analysis (Fig. 5D) . A high proportion of VLPs produced in the presence A3F-eYFP, A3G-eYFP, and eYFPMov10 contained the eYFP signal, along with CeFP (HIV-1 Gag) and mCherry (HIV-1 RNA) signals, regardless of whether SRP19 or SRP19⌬6 was overexpressed (Fig. 5D, top) . For example, ϳ58% of the VLPs contained A3G-eYFP regardless of whether SRP19 or SRP19⌬6 was overexpressed. In agreement with previous studies (61), these results indicate that 7SL RNA depletion had little or no effect on virion incorporation of A3G-eYFP, A3F-eYFP, or eYFPMov10. In addition, overexpression of SRP19 or SRP19⌬6 had little effect on the average eYFP intensity per particle (Fig. 5D, bottom) . Since depletion of 7SL RNA reduced A3G localization to P bodies but not its virion incorporation, P-body localization of A3G is not required for its virion incorporation.
Mov10 and A3G are in different cytoplasmic complexes than P-body marker proteins. A3G has been shown to be predominantly located in cytoplasmic HMM complexes (33, 62, 63) . We sought to determine whether Mov10 and A3G are in complexes with other P-body marker proteins and analyzed their distribution by fractionating cytoplasmic cell lysates on sucrose density gradients (Fig. 6A) . Cell lysates were prepared from 293T cells that were transfected with HDV-EGFP, HDV-EGFP plus FLAGMov10, or FLAG-Mov10 alone. Cell lysates were layered onto su- The percentage of P bodies that contain eYFP-Mov10. The total numbers of P bodies (mRFP-DCP2 spots) and the total number of cells counted in this experiment are shown above each sample. The error bars indicate the SEM from two independent experiments. The asterisks indicate statistically significant differences in P-body localization (*, P Ͻ 0.05; t test) compared to wild-type eYFP-Mov10 (white bar).
crose density gradients and fractionated by ultracentrifugation. Twenty fractions were collected, and the contents of each fraction were analyzed by immunoblotting for P-body-associated proteins and other cytoplasmic components. Immunoblotting detection of S6, a ribosomal protein, showed that the polysomes were primarily present in fractions 13 to 17 and peaked in fraction 15 (Fig. 6A,  I ). The P-body-associated proteins DCP2, LSM1, eIF4e, DDX6, and AGO1 were present in LMM complexes that peaked around fractions 2 to 4; in contrast, AGO2 was present in both LMM and HMM complexes, peaking in fractions 2 to 4 and fractions 13 and 14, respectively (Fig. 6A, II) . Interestingly, coexpression of HIV-1 HDV-EGFP increased the proportion of AGO2 in HMM. HIV-1 p55 Gag was also present in LMM and HMM complexes, peaking in fractions 3 and 4 and 15 to 17, respectively (Fig. 6A, III) . The distribution of p55 Gag was unaffected by Mov10 overexpression. Overall, these results showed that, with the exception of AGO2, most P-body-associated proteins were absent from HMM complexes and were predominantly present in LMM complexes. In contrast to most of the other P-body-associated proteins, both endogenous Mov10 and exogenous FLAG-Mov10 were present in HMM complexes; however, endogenous Mov10 was present in slightly smaller complexes, peaking in fractions 13 and 14, whereas exogenous FLAG-Mov10 was present in larger complexes, peaking in fractions 16 and 17 (Fig. 6A, IV) . The HMM complexes containing p55 Gag with or without exogenous Mov10 were RNase A sensitive and were converted to LMM complexes upon RNase A treatment (Fig. 6A, V) . As previously reported, A3G was also present in HMM complexes in the presence of HDV-EGFP and/or FLAG-Mov10 (Fig. 6A, VI) . These results indicated that most of the endogenous or exogenous Mov10 and A3G is present in HMM complexes, whereas most of the P-bodyassociated proteins are in LMM complexes. (C) Effect of SRP19 overexpression on P-body localization of A3F-eYFP, A3G-eYFP, and eYFP-Mov10. P-body localization was determined by calculating the percentage of mRFP-DDX6 spots (P bodies) that contain eYFP signal. The total numbers of P bodies (mRFP-DDX6 spots) and the total number of cells counted in this experiment are shown above each sample. (D) Effects of SRP19 and SRP19⌬6 overexpression on the packaging efficiency of A3F-eYFP, A3G-eYFP, and eYFP-Mov10 as determined by single-virion analysis. The packaging efficiency was calculated by determining the percentage of CeFP ϩ (Gag) plus mCherry ϩ (HIV-1 RNA) particles that contained the eYFP signal (eYFP-tagged P-body proteins) (top). The average integral intensity per virus particle (CFP ϩ and mCherry ϩ ) was calculated for eYFP (bottom). For panels A and C, the error bars represent the SEM from three independent experiments. For panel D, the error bars represent the standard deviation for two independent experiments. The asterisks indicate statistically significant differences (*, P Ͻ 0.05; t test) in comparison to the SRP19⌬6 controls (C, gray bars) or the mock samples (A and D, white bars).
In addition, we determined the distribution of all of the Mov10 mutants described in Fig. 2A by sucrose density gradient centrifugation (Fig. 6B) . As shown in Fig. 2F, S556A , DQAG, and V866A mutants were incorporated into virions with nearly wild-type efficiency, whereas the G681A/D682A, R730A/N731A, and T911A/ R912A mutants were incorporated with lower efficiency (2.7%, 1.6%, and 32.8% of wild-type Mov10 efficiency, respectively). The sucrose gradient analysis showed that mutants that were efficiently packaged (S556A, DQAG, and V866A) sedimented faster in the gradient, peaking in fraction 17, whereas mutants that were not efficiently packaged (G681A/D682A, R730A/N731A, and T911A/R912A) sedimented more slowly and peaked in fractions 13 and 14. These results suggested differences in the composition of HMM complexes that may contribute to their virion incorporation efficiency. Finally, we also analyzed the distribution of HIV-1 gag RNA and found that it was distributed throughout the gradient, including in LMM and HMM complexes (Fig. 6C) . Interestingly, overexpression of FLAG-Mov10 or the DQAG mutant, which are efficiently packaged, reduced the amount of HIV-1 gag RNA in LMM complexes and increased its amount in the HMM complexes. However, overexpression of the R730A/N731A mutant, which was not efficiently packaged and did not decrease p55 Gag protein levels, did not increase the amount of HIV-1 RNA in HMM complexes. This observation is consistent with the hypothesis that the R730A/N731A mutant is defective in its interaction with HIV-1 RNA and that, as a result, it does not shift HIV-1 RNA to HMM complexes, resulting in its reduced virion incorporation.
Virion incorporation efficiencies of endogenous and exogenous Mov10. Our sucrose density gradient analysis indicated that endogenous Mov10 peaks in the same fractions as Mov10 mutants (fractions 13 and 14) that exhibit a defect in virion incorporation (Fig. 6) . We therefore compared the packaging efficiency of endogenous Mov10 to that of exogenous eYFP-Mov10. eYFPMov10 plasmid amounts ranging from 0 to 1,000 ng were transfected into 293T cells, along with HDV-EGFP. Transfection with 50 ng of eYFP-Mov10 plasmid resulted in an expression level that was similar to that of endogenous Mov10 (Fig. 7A, top) . In virions produced from these transfected cells, the amounts of eYFPMov10 and endogenous Mov10 packaged were similar (Fig. 7A,  bottom) . Quantitation of the amounts of endogenous Mov10 and exogenous eYFP-Mov10 in cells and virions showed no significant difference in virion incorporation, indicating that the endogenous and exogenous Mov10 are packaged with similar efficiencies (Fig.  7B) . Thus, endogenous Mov10 and exogenous Mov10 were packaged with similar efficiencies, even though they exhibited differences in their sedimentation in sucrose density gradients (Fig. 7B) .
RISC function is required for Mov10-mediated reduction of Gag expression but not for virion incorporation or inhibition of virus infectivity. The RISC proteins are associated with P bodies, and Mov10 has been reported to be associated with the RISC (33, 42, 43) . In addition, a functional link between P bodies and the ability of miRNAs to repress expression of target mRNAs has been suggested (64) . We therefore sought to determine whether a functional RISC is required for overexpression of Mov10 to inhibit Gag expression. To address this question, we used siRNA to knock down endogenous AGO2 expression, an essential element for RISC function, in virus-producing 293T cells (Fig. 8A) . The knockdown of AGO2 was efficient; immunoblotting analysis showed that steady-state levels of AGO2 were reduced to 9% of those of the unrelated control siRNA. RISC activity was assessed by determining the ability of an siRNA that targets the luciferase reporter mRNA to reduce luciferase activity (Fig. 8B) . In the absence of AGO2 knockdown, the luciferase siRNA efficiently knocked down luciferase activity to 5.7% of that of the control. However, when AGO2 was knocked down, the luciferase siRNA had no significant effect on luciferase activity, indicating that AGO2 knockdown efficiently suppressed RISC function. We then determined whether knockdown of AGO2 affected inhibition of Gag expression by overexpression of Mov10. Compared to the control siRNA, AGO2 siRNA expression diminished Mov10-mediated reduction in Gag expression (Fig. 8C, I , lanes 2 and 5). As expected from a previous study (65) , expression of A3G-eYFP also decreased p55 Gag expression; however, A3G-mediated reduction in Gag expression was not affected by AGO2 knockdown (Fig. 8C, I, lanes 3 and 5) . The effect of AGO2 knockdown on Gag expression was statistically significant in eYFP-Mov10-expressing cells, but not in mock-transfected or in A3G-eYFP-expressing cells (Fig. 8C, II) .
To address whether Mov10 reduces Gag expression by inducing degradation of HIV-1 Gag RNA via RISC function, we transfected FLAG-Mov10 and HDV-EGFP into 293T cells in the presence or absence of the transcription inhibitor actinomycin D (ACT D). We then monitored HIV-1 gag RNA using real-time qRT-PCR from 0 to 12 h after treatment with ACT D. The results showed that gag RNA steady-state levels (Fig. 8D, I ) or gag RNA stability (Fig. 8D, II) was not altered by expression of FLAGMov10 or the DQAG mutant of Mov10. Overall, these results suggest that Mov10 overexpression results in translational repression of HIV-1 Gag and that AGO2 and/or RISC function is required to induce this translational repression. Alternatively, Mov10 overexpression may also increase the rate of degradation of p55 Gag, resulting in reduced steady-state levels.
We also determined the effect of AGO2 knockdown on virion incorporation of eYFP-Mov10 by single-virion analysis (Fig. 8E ) and on the ability of Mov10 overexpression to reduce virus infectivity (Fig. 8F) . The results indicated that inhibiting RISC function The copy numbers of HIV-1 gag RNA in the presence or absence of FLAG-Mov10 were adjusted for RNA input by determination of cellular ␤-actin RNA copy had no effect on Mov10 virion incorporation. As expected from previous studies (30, 59) , AGO2 knockdown alone increased virus infectivity approximately 2.5-fold; however, AGO2 knockdown did not significantly influence the ability of Mov10 or A3G to inhibit virus infectivity (Fig. 8F ).
DISCUSSION
The antiviral activities of Mov10, A3G, and A3F have been well documented; however, many questions remain regarding their cellular functions and potential cellular cofactors and the mechanisms that may regulate their virion incorporation and antiviral activity. Mov10, A3G, and A3F are all microscopically localized to P bodies, which contain proteins associated with mRNA-processing events, such as decapping, 5= exonucleolytic degradation, and RNA-induced silencing. In these studies, we explored the relationship of Mov10, A3G, and A3F with P bodies to gain insights into the antiviral activities, as well as the potential cellular functions, of these proteins. The results of our studies show that there are significant differences in the cytoplasmic complexes and behavior of Mov10, A3G, A3F, and other P-body-associated proteins. First, the other P-body-associated proteins are either not incorporated into virions or are incorporated with very low efficiency compared to these antiviral proteins (Fig. 1) . Second, Mov10, A3G, and A3F are in HMM complexes, whereas most of the P-body-associated proteins are present in LMM complexes (Fig. 6) . Thus, Mov10, A3G, and A3F are in different RNA-protein complexes than most of the other P-body-associated proteins, even though they are colocalized with P bodies in microscopy studies. Our analysis of Mov10 mutants indicated that the mutations in helicase domains I, Ia, II, and V had no effect on Mov10's ability to inhibit virus infectivity, whereas mutations in helicase domains III, IV, and VI failed to inhibit virus infectivity. The helicase V mutant V866A did not efficiently localize to P bodies but reduced Gag expression in the virus producer cells, incorporated efficiently into virions, and inhibited virus infectivity, indicating that P-body localization is not essential for Mov10 virion incorporation and antiviral activity (Fig. 2 and 3) . Furthermore, when combined with knockdown of DDX6, the P-body localization of V866A was reduced to 1.4% of that of the control eYFP-Mov10 in the absence of DDX6 knockdown (Fig. 4) ; despite this severely reduced localization to P bodies, the mutant was efficiently incorporated into virions and potently inhibited viral replication, indicating that P-body localization of Mov10 is not required for its virion incorporation and antiviral activity.
These observations were extended to A3G in experiments in which we depleted 7SL RNA from virions by overexpression of SRP19, which resulted in depletion of A3G, but not A3F or Mov10, from P bodies. This depletion of A3G from P bodies had no effect on A3G virion incorporation, indicating that A3G localization to P bodies is also not essential for its virion incorporation (Fig. 5) . It is intriguing that overexpression of SRP19 results in depletion of A3G (but not Mov10 or A3F) from P bodies, suggesting that the association of A3G with P bodies may be dependent on the presence of 7SL RNA. Additional studies are needed to investigate the interactions between 7SL RNA and A3G and why this association seems to be critical for the localization of A3G to P bodies. These observations are consistent with a recent report in which the authors depleted the P-body components DDX6 and LSM1, which are essential for P-body formation, and found that virion incorporation and the antiviral activity of A3G were independent of P-body localization (59).
Wang et al. previously analyzed Mov10 helicase domain mutants and reported that a helicase V mutant retained Mov10's antiviral activity (36) , which is consistent with our results showing that the V866A mutant was incorporated into virions and inhibited viral infectivity. However, they concluded that mutations in all other helicase domains abrogated Mov10's antiviral activity, whereas our results indicated that only mutations in helicase domains III, IV, and VI diminished Mov10's antiviral activity. Goodier et al. (40) recently examined the same helicase domain mutants analyzed by Wang et al. and determined their effects on retrotransposition, which are in general agreement with our results. However, some differences in Mov10's antiviral and antiretrotransposition activities were noted; for example, a helicase domain II mutant lost antiretrotransposition activity but retained antiviral activity. These differences in our observations may also be due to differences in the specific amino acids that were mutated and analyzed.
We observed that knockdown of AGO2, which almost completely abolished RISC function, diminished Mov10's ability to reduce HIV-1 Gag expression. Mov10 did not reduce HIV-1 gag RNA levels or the turnover rate of HIV-1 gag RNA, suggesting that it reduces Gag expression through translational suppression. Since AGO2 knockdown diminished Mov10-mediated suppression of HIV-1 Gag, the results suggest that a complex containing AGO2 and Mov10 may be involved in Gag translational suppression. Mov10 is thought to be a component of RISCs and to participate in gene silencing during assembly and maturation of RISCs containing AGO2 (42, 66) . In addition, A3G significantly inhibits miRNA-mediated repression of translation (66), suggesting an association with RISCs. Thus, our results and conclusions are consistent with previous reports indicating that Mov10 is a component of the RISC and has been reported to be involved in , adjusted for RNA input by quantification of cellular ␤-actin RNA copy numbers, was set to 100%. Overexpression of FLAG-Mov10 did not significantly affect the stability of HIV-1 gag RNA compared to the mock-transfected control. (E) The packaging efficiency of eYFP-Mov10 and A3G-eYFP produced from AGO2 knockdown cells was determined by single-virion analysis. Twenty-four hours after transfection with control siRNA or AGO2 siRNA, the cells were transfected with Gag-CeFP, Bgl-mCherry, eYFP-Mov10, or A3G-eYFP; in addition, control or AGO2 siRNAs were included to maintain AGO2 knockdown. The packaging efficiency was calculated by determining the percentage of CeFP ϩ (Gag) plus mCherry ϩ (HIV-1 RNA) particles that contained the eYFP signal. (F) The effect of AGO2 knockdown on Mov10's ability to inhibit virus infectivity was determined by infecting TZM-bl indicator cells with p24 CA-normalized amounts of virus. The infectivity of virus produced from mock-transfected cells was set to 100%, and the relative infectivity of viruses produced in the presence of eYFP-Mov10 or A3G-eYFP is shown. For panel F, the error bars represent the standard deviations for two independent experiments. For panels B to E, the error bars represent the SEM from three independent experiments. The asterisks indicate statistically significant differences (*, P Ͻ 0.05; t test) compared to control siRNA-treated samples.
translational suppression (66) . However, we cannot exclude the possibility that Mov10 overexpression reduces p55 Gag levels by increasing its rate of degradation.
We also observed that AGO2 knockdown had no effect on virion incorporation of Mov10 and A3G or their ability to inhibit virus infectivity. These observations are consistent with our finding that AGO2 was not efficiently packaged into virions (Fig. 1) and suggest that RISC function does not play a role in Mov10's ability to inhibit virus infectivity after virion incorporation.
The results of our studies showed that Mov10 and A3G are primarily in HMM complexes. A3G was previously shown to be present in HMM complexes, and Mov10 was previously shown to be an RNA-binding protein that can coimmunoprecipitate with A3G in an RNA-dependent manner (33, 63, 67) . We therefore expected Mov10 and A3G to be in HMM complexes; however, we were surprised that five of six P-body-associated proteins analyzed were almost exclusively present in LMM complexes. The only exception was AGO2, which was present in both LMM and HMM complexes. Consistent with these observations, Chiu et al. previously reported that DDX6 and AGO2 were not detected in the purified NTAP-A3G complexes and the majority of DDX6 was present in LMM complexes (62) . On the other hand, Reed et al. indicated that HIV-1 Gag-containing protein complexes, referred to as assembly intermediates containing the cellular ATPase ABCE1, also contain AGO2 and DDX6 (68) . However, they were unable to detect significant amounts of DDX6 and AGO2 in virions and suggested that AGO2 and DDX6 are released upon formation of completed capsids. Our observations with single-virion analysis (Fig. 1) confirm that DDX6 and AGO2 are not efficiently packaged into virions, and our sucrose gradient sedimentation assays (Fig. 6 ) confirm that AGO2 is detected in HMM fractions that contain HIV-1 Gag; however, we did not detect significant amounts of DDX6 in HMM complexes containing HIV-1 Gag. Liu et al. also reported that in the absence of A3G, Mov10 can interact with AGO2, but A3G interferes with the interaction between Mov10 and AGO2 (66) . These findings suggested that HMM containing A3G or AGO2 is different and Mov10 might exist in HMMs containing A3G or AGO2. These observations suggested that despite their colocalization using fluorescence microscopy, most of the Mov10 and A3G proteins might reside in different protein-RNA complexes than P-body-associated proteins, and perhaps only a small proportion of the Mov10-A3G complexes are associated with P bodies in cells.
As expected from previous studies, Mov10 and A3G HMM complexes were converted to LMM complexes upon treatment with RNase A (62), indicating that these complexes are dependent on intact RNA. Our analysis indicated that HIV-1 Gag was also present in RNase A-sensitive HMM complexes. Interestingly, HIV-1 gag RNA was broadly distributed throughout the sucrose gradient, and the proportion of HIV-1 gag RNA present in HMM complexes increased upon overexpression of Mov10. We previously showed that HIV-1 RNA could be coimmunoprecipitated with FLAG-Mov10 (35) . These results are consistent with the hypothesis that Mov10, HIV-1 RNA, and p55 Gag are in the same HMM complexes; however, it is possible that Mov10 indirectly affects the migration of HIV-1 RNA from LMM to HMM complexes.
We noted that HMM complexes containing the Mov10 S556A, DQAG, and V866A mutants, which are incorporated as efficiently as wild-type Mov10, sedimented faster in the sucrose gradient than the HMM complexes containing endogenous Mov10, AGO2, and packaging-defective Mov10 G681A/D682A, R730A/ N731A, and T911A/R912A mutants (Fig. 6B ). This suggests differences in the compositions of proteins and/or RNA in these different HMM complexes, which may be responsible for the inefficient virion incorporation of the R730A/N731A and T911A/ R912A mutants. Because endogenous Mov10 is in the same fractions as the packaging-defective Mov10 mutants, we compared the packaging efficiencies of endogenous and exogenous Mov10 and found that they were packaged with nearly equal efficiency (Fig. 7B) . These data are consistent with the idea that the HMM complexes containing endogenous and exogenous Mov10, although distinct in their sedimentation in sucrose gradients, contain the proteins and/or RNA that mediate their efficient incorporation into virions. Additional studies are needed to identify the protein and RNA contents of these HMM complexes that are responsible for the virion incorporation of Mov10 and A3G. Interestingly, expression of wild-type Mov10 or the DQAG mutant, which are packaged efficiently, shifted some of the HIV-1 RNA from LMM complexes to HMM complexes; however, the R730A/ N731A mutant, which is defective in virion incorporation, did not alter the migration of HIV-1 RNA to HMM complexes, consistent with the hypothesis that a defect in interaction with HIV-1 RNA may contribute to its packaging defect (Fig. 6C) .
In summary, Mov10 and A3G are primarily in HMM ribonucleoprotein complexes, whereas most of the other P-body-associated proteins are in LMM complexes, suggesting that microscopic colocalization of Mov10 and A3G to P bodies may represent a small proportion of these proteins in cells. In addition, analysis of Mov10 mutants and siRNA knockdown of DDX6 or AGO2 indicates that P-body localization and RISC function are not required for Mov10 virion incorporation and the inhibition of virus infectivity but RISC function is required for Mov10-mediated repression of HIV-1 Gag expression. Future studies that identify the composition of the HMM complexes containing Mov10 and A3G may provide valuable insights into their efficient virion incorporation, antiviral activities, and potential cellular functions.
